Carbohydrate levels in cotton plants during the fruiting period were reduced: 1. by growing the plants under muslin shades and 2. by cutting away half of each new leaf. The effects of these treatments were studied and are discussed in terms of 1. ligfht in relation to growth of the cotton plant, 2. partial defoliation and growth, 3. relative fruitfulness (bolls per 100 gm of fresh stems and leaves) and 4. changes in boll and fiber properties.
tion to growth of the cotton plant, 2. partial defoliation and growth, 3. relative fruitfulness (bolls per 100 gm of fresh stems and leaves) and 4. changes in boll and fiber properties.
The foregoing experiments were conducted along with others (partial defruiting and drought) that increased carbohydrate levels. Both of these treatments (4) increased fiber strength. Partial defruiting increased slightly and drought decreased: seed cotton per boll, fiber length, weight per inch and percent of mature fibers; but between five varieties of cotton it was found that those operating at the lowest carbohydrate levels had the strongest fibers, i.e., strength was evidently correlated with enzymatic and other growth factors that furthered carbohydrate utilization. As a further background for the results of this paper, it has been found that boll shedding is not com-. monly related to the carbohydrate or nitrogen levels in the plant (5) .
The shade experiment (light intensity reduced to 32% of full exposure by muslin sheeting) was repeated at a high, intermediate and low level of water supply and was started at about the time of first flowers. References were made to the findings of others on the effects of light intensities in a previous paper (6) . In the partial defoliation (half-leaf) experiment, onehalf of each of the previous leaves and of each subsequent new leaf was removed weekly starting also at the time of first flowers. The work was conducted at the U. S. Cotton Field Station, Shafter, California, with the Acala p18 variety of cotton. Consideration is given in the discussion to evidence bearing on the auxin relations involved in the fruiting of the cotton plant.
1 Received March 26, 1953.
METHODS
The two experiments, shade and half-leaf, were each laid out in four blocks with the control and treated plots alternating in irrigation borders 320 feet long; different irrigation borders were used for the two tests. Twelve rows of cotton with the plants spaced 12 inches apart were used for the shade experiment and four rows of similarly spaced plants for the half-leaf (partial defoliation) experiment. The four shades were 25 feet long; plants in the outside rows under the shades as well as the three end plants under and outside of the shades were not used for the measure- ments. The three levels of water supply-heavy, medium and light-were supplied by irrigating: a, both sides of three rows weekly, b, only one side of three rows weekly and, c, one side of each of three rows every two weeks. One-half of each control plot was to the east and one-half to the west of each of the shades. The analyses of variance for yields assume randomization which would have been difficult or impractical in the instance of the irrigation treatments.
Twelve plants were sampled at three times during the flowering period for carbohydrate analyses in both experiments. At each collection half of the plants were harvested in the late morning and half in the early afternoon; the order of collection was reversed between morning and afternoon and between successive days. In the half-leaf experiment the sampling dates were July 14, 15, 29, and 30 and August 11 and 12, tissues from three plants in each treatment being collected each time and the twelve then combined as single samples. In the shade experiment six plants were sampled in the late morning and six in the early afternoon as above but during the single days: July 16 and 31 and August 13 . The leaf samples (48 leaves per sample) were from the middle third of the main stalk. The middle third of the main stalk was used for the stem samples. The dated bolls were from the plants sampled.
Measurements of height and number of nodes and gm of fresh stems and leaves) is calculated were made in the half-leaf experiment on August 7 using 48 plants from each treatment. Plants that had retained their terminal buds intact and that were free of symptoms of Verticillium wilt were selected for these measurements. Similar data were obtained in the shade experiment on August 21 but only 24 plants from each treatment were measured. The relative fruitfulness values are calculated plant by plant and the means shown in the tables. The introduction of bias by using selected rather than random plants will be referred to later in the text.
A one-hundred-boll sample of seed cotton was collected from each of the two treatments of the half-leaf experiment on each of three dates. The In terms of the factorial summaries of table If reducing by shades the above-plant vertical light intensity to 32% of the outside exposure reduced the sum of sugars and starch in the leaves by 24%, in the stems by 38% and in the 14-day-old bolls by 8%. These relative reductions seem fairly reasonable: a moderate reduction in the rate of photosynthesis in the leaves would be expected to have a somewhat greater effect on the accumulation of sugars and starch in the storage tissues of the stems. On the other hand, for a normal growth and development of cotton bolls a rather even balance might be expectedtemperature and moisture being the same-between the supply potential in the boll and the rate of utilization in cell-wall and protein formation. The shade plants carried only about half as many bolls as the plants in the open and the effect on photosynthesis was therefore much greater than is indicated by the carbohydrate accumulations in the leaves and stems.
Sucrose and starch in the leaves and stems were reduced substantially by the shades whereas the hexose sugars were not affected. Drouth, on the other hand, increased hexose sugars in the leaves but was without effect on sucrose and had little effect on starch (4). All three constituents were increased in the stems by drouth. Though lacking statistical significance, the shades rather consistently reduced hexose sugars and starch in the young bolls; water deficiency increased both. Little sucrose is found in cotton bolls.
Slightly lower total N was found in the leaf, stein per 100 gm of fresh stems and leaves) was reduced from 6.0 to 3.3 by the shades in the present field experiment and from 6.4 to 3.4 in the earlier sandculture experiment. In connection with the previous experiment, it was stated (6) that the relative light intensities at midday in the summer and winter were respectively in the order of 10,000 and 1,000 fc. It was found on the basis of a calibration after publication that the photometer used for these light measurements was reading too high. Adjusted values of 7,000 and 700 would have been more nearly correct. In these earlier experiments, the pots both in the greenhouse and outdoors were well separated so that relatively more of the above-plant light reached the lower leaves than in the present field experiment. It may 'be noted in the foregoing tabulation that the shades tended to increase plant height but to decrease the number of main stalk nodes. In other words, internode lengths were increased. The internode lengths of the longest fruiting branches were also increased; in the open the mean length of the fruiting-branch internodes was 8.3 cm and under the shades 11.2 cm. In both the present and earlier experiment there were fewer fruiting-branch nodes at low light than at high light; in the earlier experiment the number was reduced almost to half but in the present experiment only from 4.8 to 4.0.
Boll and fiber properties: The boll and fiber property responses to shade for 1947 are compared in table III with results obtained in similar experiment at the high moisture level during 1946. It will be recalled that the 1946 data are for weekly irrigations on both sides of each row which was the same schedule used in 1947 for the heavy irrigation treatment.
In both years-with heavy irrigation-there were reductions of varying magnitude under the shades in seed cotton per boll, in the seed and lint indexes and also in the fiber properties: tensile strength, weight per inch and percent of mature fibers. The increase in fiber length, like the decrease in fiber weight per inch, parallels the increased main-stalk and fruitingbranch internode lengths and the reductions in weight per unit length of internodes. The decrease in fiber strength with decreased carbohydrates under the shades (in this test with Acala p18) corresponds also with the within-variety findings developed in the previous paper (4) wherein treatments that increased carbohydrate levels increased fiber strength (for varieties other than the Acala p18). be noted in table IV that the mean dry weights of the mature leaf blades as collected from the middle third of the main stalks for carbohydrate analyses were reduced from 1.07 to 0.48 gin. Since no special effort was made to cut away exactly half of each leaf, these relative leaf weights indicate only that after clipping, the remaining half of the leaves did not make extra growth to compensate for the part removed.
In the mature half-leaves from the middle third of the main stalks, there was a significant increase in starch concentration but the gain in sugar plus starch (6%) was not significant. Starch plus sugars in the middle third of the main stalks of the half-leaf plants was significantly lower by 42% than in the control stems; this loss was distributed almost equally between the hexose sugars, sucrose and starch. In the 13-day-old bolls there were small non-significant reductions in both hexose sugar and starch but the 11% reduction in the sum of sugars and starch fell short of significance.
Partial defoliation in terms of the means of 48 plants as measured on August 7 caused significant reductions in plant height (28%), number of mainstalk nodes (5%), fresh weight of leaves plus stems (30%) and the numrber of bolls per plant (23%). The yield of seed cotton as measured at the end of the season was reduced by 14%. The number of vegetative branches over 20 cm long was not changed by the half-leaf treatment. Measurements were not made of the number of nodes or lengths of fruiting branches. The relative fruitfulness of the half-leaf plants was higher (9%) than the controls-but this difference lacked significance.
The fact that there was a small gain, rather than a loss, in relative fruitfulness with partial defoliation would indicate that the reduction of stem carbohydrates from 2.04 to 1.20% did not increase shedding. This absence of a significant relation between carbohydrate levels in the stems and t-he relative fruitfulness of the plants is in accord with conclusions presented elsewhere (5) . These conclusions were derived from a date-of-planting experiment conducted with both Acala and Stoneville cotton in adjacent plots during the same summer; the late planted cotton was retaining its bolls at the same time that the early cotton was shedding its bolls and the two plantings had similar levels of carbohydrates in their stems. Within-treatment scatter diagrams of plant weight against relative fruitfulness from several experiments including this one have shown a rather consistent tendency toward a lower relative fruitfulness of the larger plants.
The effects on boll and fiber properties of partial defoliation remain to be considered. As shown in table IV, there was surprisingly little effect of the halfleaf treatment on seed cotton per boll, seed and lint index (weight of 100 seed and lint on 100 seed), fiber weight per inch and per cent of mature fibers. The small differences found in these properties all lack significance but in each instance the differences tended to favor the half-leaf plants.
Fiber strength, in contrast with the lack of effect on the foregoing boll and fiber properties, was increased from 6.3 to 6.6 by partial defoliation; the difference was significant at the 5% level. This gain in fiber strength in association with reduced carbohydrate levels in the stems would place these results in line with the inverse relation found between varieties rather than in line with the direct relation that results from partial defruiting, drought and shading.
DISCUSSION
GROWTH RESPONSES TO SHADING: Although there are no data on the light-intensity requirement for full photosynthetic activity in cotton leaves, inferences as regards ranges may be drawn from the findings of several investigators who have worked with other plants. Hoover, Johnson and Brackett (10), for example, found little increase in the apparent photosynthesis of young wheat plants above 1,000 fc at the CO2 concentration of air when the intact tops were enclosed in tubes and illuminated laterally. Kramer and Decker (11) using intact seedlings found two species of oak to attain maximum CO2 absorption at light intensities equivalent to one-third or less of full sunlight; loblolly pine showed maximum photosynthesis only with the equivalent of full sunlight. Verduin and Loomis (15) found segments of attached maize leaves to become light saturated at 2500 fc. These investigators reported ground intensities under full-grown and normally-spaced Iowa maize to be 30 to 40% of full exposure. On bright midsummer days it is evident that the lower leaves might be fully functional at midday but it would seem that this would not apply on cloudy days or during many of the morning and afternoon hours, nor could it apply well in August and September as the light intensities decrease. It may not be extraneous to recall, in this connection, the rainy and cloudy August of 1949 in Eastern Nebraska when unirrigated maize plants spaced 18 and 20 inches apart in 40-inch rows made better than average yields in response to the extra moisture; during the same season heavily fertilized and irrigated maize spaced 7 and 8 inches apart produced only 70% as much grain as they did during the previous year when August was bright and dry. The idea is extensively held that reduced light intensities caused by self-shading constitute one of the important factors limiting exceptionally high maize yields.
Thomas and Hill (14) working with alfalfa and wheat in glass-enclosed field-type plots show the hourly march of CO2 absorption to rise more rapidly in the morning and to recede less rapidly in the afternoon than light intensities on a horizontal surface.
The gains in CO2 assimilation by alfalfa between 9
A.M. and noon (Sept. 15) amounted to only 10 to 15% whereas the light intensity between these hours increased approximately from 4800 fc to 7500 fc. From comparisons between bright and cloudy hours they deduced that there was no loss in apparent photosynthesis unless the light intensity dropped below 52% of the midday maximum; the data suggest light saturation at somewhat above 4,000 fc for this field alfalfa. This high light requirement, like the findings of Heinecke and Childers (9), sets the behavior of field plantings, or trees, apart from the results commonly obtained with fully illuminated leaves or seedling plants.
In 1947 the ground intensities beneath cotton plants 110 crn tall that were spaced 12 inches apart in 38-inch rows were well below 5% of the intensities above the plants. At the half-height of the plants, the intensities were in the order of 25 to 30% of full light. On the basis of an average intensity of 6,000 fc for the midday maximum during August one-half of the leaves of the cotton plants would have received maximums as high or higher than 1800 fc for the brightest hour of the day. On the other hand, the leaves on the lower half of the plants would have operated, on the average, at intensities in the order of half or less of the 1800 fc during the best hours of the day; during the remaining hours the photosynthetic con- through the use of " hormone " materials of the right kinds and the right amounts, greatly to increase boll setting, would it not follow, inevitably, that boll sizes would be reduced and the walls of the fibers remain poorly thickened and the strength of the fibers greatly reduced? The fact, however, that adverse effects on the use-value of cotton is indicated as a probability with any great increase in the fruitfulness of the plant does not lessen the interest in trying to accomplish this as a means of furthering an understanding of boll shedding and of factors that influence the properties of cotton fibers. Studies of the effects on cotton yields from the use of " hormone " materials in areas where light intensities and temperatures are inclined to be low could, on the other hand, have a practical objective as well.
SUMMARY
The half-height light intensity among irrigated cotton plants 110 cm tall at Shafter, Calif., was found to be 30% as great and the ground intensity less than 5% as great as the intensity above the plants.
Reducing light intensities to 32% of full exposure by muslin shades erected at the start of flowering reduced the sum of sugar and starch in the leaves by 24%, in the main stems by 38% and in 14-day-old bolls by 8% (means of heavy, medium and light irrigation). The yield of seed cotton (heavy irrigation) was reduced by 47%, fresh weight of leaves plus stems by 13% and relative fruitfulness from 6.0 to 3.3.
Plant height and lengths of longest fruiting branches were increased but the number of nodes decreased. There were small reductions under the shades in various boll and fiber properties other than fiber lengthfiber length, like internode lengths, was increased.
Removing one-half of previous leaves and of each new leaf weekly from the start of flowering caused little change in the sums of sugar and starch in leaves or young bolls but there was a 42% reduction in the main stems. The half-leaf treatment reduced plant height by 28%, number of mainstalk nodes by 5%, fresh weight of leaves plus stems by 30% and yield by 14%; relative fruitfulness was increased slightly. Fiber strength was increased but there was little change in other boll and fiber properties. (3, 12, 13, 14, 16, 19) . Considerable work has been done on other seeds and grains (2, 4, 6, 15) , but relatively little has been done on maize or corn. Bailey (1) found respiration of corn to be less affect-ed by moisture than that of wheat with the materials he used. He observed also that freshly harvested corn had a lower rate of respiration than old corn rewet to the same moisture content. Semeniuk and Gilman (18) have reviewed the literature on storage of corn and the interaction of fungi in the deterioration of the product. Gilman and Barron (9) showed that fungi may be the major factor in heating of moist grain. It is probably significant that oats, with dead glumes on which saprophytic fungi can develop rapidly, heat more readily than wheat. Corn might be expected to be as resistant to mold as wheat.
The development of government storage of maize during recent years has emphasized the need of more knowledge of the behavior of this grain. The interaction of grain condition, weather factors and microorganisms in respiration and related processes within the storage bin are of particular significance in the successful storage of corn. Ventilation of the bin affects its content of 02 perature and humidity. All of these can affect respiration, growth of micro-organisms and undesirable enzymatic changes within stored grain. The present study was undertaken to determine the effects of moisture content of grain, temperature, 02 depletion accompanied by CO2 accumulation, dormancy and the presence or absence of micro-organisms on the respiration of maize grain under controlled laboratory conditions. It is assumed that the data will be of value in storage problems as well as indicative of the physiological responses of this plant material.
MATERIALS AND METHODS
Most of the experiments were run with a single lot of hand-shelled, US-35 seed corn having an initial moisture content of 8%. This was moistened to the experimental percentages by adding the estimated quantity of water needed and holding at 4°C with frequent stirring for 3 days. The moistened grain was then equilibrated with air at room temperature and divided into moisture and experimental samples. Immature grain was taken directly from a field of hybrid corn for comparison with moistened, mature grain. The central part of each ear was shelled and used for two moisture and one respiration samples.
A special respiration flask, illustrated in figure 1 , was used throughout. The lower neck of a 1,000-ml, wide-mouthed Erlenmeyer flask is restricted (A) so that a No. 8, two-hole rubber stopper (B) will fit securely into the recessed opening. Outlets from the flask consist of two Pyrex capillary tubes. The sam-
